Within composite Higgs models based on the top seesaw mechanism, we show that the Higgs field can arise as the pseudo Nambu-Goldstone boson of the broken U (3) L chiral symmetry associated with a vector-like quark and the t-b doublet. As a result, the lightest CP-even neutral state of the composite scalar sector is lighter than the top quark, and can be identified as the newly discovered Higgs boson. Constraints on weak-isospin violation push the chiral symmetry breaking scale above a few TeV, implying that other composite scalars are probably too heavy to be probed at the LHC, but may be within reach at a future hadron collider with center-of-mass energy of about 100 TeV.
Introduction
The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1] represents an important step towards understanding the origin of electroweak symmetry breaking.
Its mass around 126 GeV has major implications for different models or mechanisms of electroweak symmetry breaking.
A pressing question is whether the Higgs boson is an elementary particle or a composite one. Current data cannot distinguish between an elementary Higgs boson (up to very high energies) and a composite Higgs boson arising from a theory with a decoupling limit identical to the Standard Model (SM). Nonetheless, the requirement that the Higgs boson mass M h is near 126 GeV poses model building challenges on SM extensions.
A composite Higgs boson has generically a large quartic coupling and hence is expected to be heavy, unless its mass is protected by some symmetry. One possibility is that the Higgs field arises as a pseudo-Nambu-Goldstone boson (pNGB) of some broken global symmetry [2] . Many types of models which realize the Higgs multiplet as a pNGB have been proposed, including Little Higgs [3] and models that invoke the AdS/CFT correspondence [4] . In these effective theories, M h is quite model-dependent. The quartic coupling arises at tree level in some models, and from loops in others. The relatively large top quark mass, m t , can be accommodated through partial compositeness [5] , i.e., mixing of the elementary top fields with composite vector-like fermions. In a class of pNGB composite Higgs models where the dominant explicit breaking of the global symmetry comes from these mixings [4] , there are strong correlations between M h and the masses of composite vector-like fermions. Typically, M h ≈ 126 GeV requires at least one vector-like top partner well below 1 TeV [6] which is in some tension with the 8 TeV LHC data, and will be thoroughly tested by LHC searches in the near future. An additional prediction of these models that will be soon tested is that higher dimensional operators modify the Higgs couplings [7] .
A more direct way of obtaining a heavy top quark is the top condensation mechanism, where the Higgs field is a top-antitop bound state [8, 9] . The top quark, however, would have in this case a mass around 600 GeV if the compositeness scale is not much above the electroweak scale. Furthermore, the leading number of colors (N c ) approximation gives M h ≈ 2m t . Both results are in conflict with the data. The top and Higgs masses can be reduced, at the expense of fine-tuning, if the compositeness scale is raised; but even with compositeness at the Planck scale, m t and M h would still be above 200 GeV [9] .
An attractive solution to the top mass problem in top-condensation models is through the top-seesaw mechanism [10] [11] [12] [13] . The heavy top given by top condensation mixes with a massive vector-like top partner, resulting in a light mass eigenstate of m t ≈ 173 GeV, identified as the observed top quark. Although the composite Higgs boson is likely to be heavier than the weak scale, for some range of parameters it is possible to obtain a relatively light Higgs boson [11, 12, 14] . Generically, the composite Higgs sector includes two doublets and two singlets [12] , and a light Higgs boson could arise due to the mixing among the four CP-even scalars.
In this paper we show that a composite Higgs boson can naturally have M h ≈ 126 GeV (once the weak scale v is fixed at 246 GeV) in a top-seesaw model where the strong dynamics preserves a global U (3) L symmetry acting on the top-bottom doublet (t L , b L ) and the left-handed component of the vector-like quark, χ L . The composite Higgs doublet is the collection of pNGB's of the spontaneous U (3) L → U (2) L breaking. The explicit symmetry breaking required for the seesaw mechanism also controls M h . As a consequence, the mass of the composite Higgs boson is correlated with m t , and has an upper bound around m t . The electroweak interactions further reduce M h so that generically it is substantially below m t .
The low energy effective theory is given by the SM plus the heavy states arising from two Higgs doublets and two complex singlet scalars, together with the vector-like top partner. The strongest constraint on this model is due to weak-isospin violation, which requires the vector-like quark and consequently most of the scalars other than the SM Higgs boson to have masses of order 10 TeV. This implies some tuning to obtain the weak scale at v ≈ 246 GeV. Nevertheless, given that no new physics has been found at the LHC so far, some tuning seems inevitable in any theory which attempts to explain electroweak symmetry breaking.
The strong dynamics responsible for compositeness and chiral symmetry breaking may be an asymptotically-free gauge interaction that is spontaneously broken near the scale Λ where it becomes strong. Various theories of these type have been proposed [15, 16] . It may even be possible that a strongly coupled gauge interaction breaks its own gauge symmetry [17, 18] . The consequence would be a non-confining strong interaction whose bound states are present together with their constituents at energies below the compositeness scale Λ.
Its effects at the scale Λ may be parametrized by certain 4-fermion interactions. Such a theory is viable because in the decoupling limit, where the scale of chiral symmetry breaking f is much larger than v, the deviations from the SM are O(v 2 /f 2 ). In practice, the hierarchy of scales v < f < Λ should not be too large because both f /Λ and v/f require fine-tuning.
In Section 2 we present the effective theory of the composite Higgs model below the compositeness scale. We discuss the U (3) L ×U (2) R symmetric terms and also their explicit breaking terms. In Section 2.1 we find the vacuum which breaks the electroweak symmetry and produces the top-seesaw mechanism. In Section 2.2 we derive an approximate analytic formula for M h , and find that its maximum value is near m t . In Section 3 we discuss the effects of electroweak gauge loops and show that they always reduce M h . In Section 4 we perform a detailed numerical study of M h as a function of the parameters in this model.
We show that the 126 GeV Higgs boson can be easily accommodated as a composite field in our model. After fixing M h ≈ 126 GeV, we calculate the spectrum of the heavy states, and then in Section 5 we comment on phenomenological implications. The conclusions are drawn in Section 6.
Composite Higgs from
We consider an effective theory at a scale Λ 1 TeV that includes the SM gauge group and fermions, an SU (2) W -singlet vector-like quark, χ, of electric charge +2/3, and some 4-fermion interactions suppressed by Λ (which presumably arise due to an asymptoticallyfree gauge interaction that is spontaneously broken near the scale Λ where it becomes strong). This theory does not include a Higgs doublet nor any elementary scalars. We assume that some of the 4-fermion interactions involving third generation quarks and χ are attractive and sufficiently strong to form quark-antiquark bound states [12] . These strong interactions are not confining, because at distances longer than 1/Λ the effects of 4-fermion interactions (other than the presence of bound states) are exponentially suppressed.
The low-energy theory includes the composite fields that are deeply bound such that their masses are less than the compositeness scale Λ. As in the Nambu-Jona-Lasinio (NJL) model [19] , if the coefficient of a 4-fermion interaction is larger than a certain critical value, then the squared mass of the scalar bound state becomes negative, and the scalar acquires a vacuum expectation value (VEV). Furthermore, as the coefficient crosses the critical value, there is a second order phase transition so that the VEV can in principle be much smaller than Λ [16] .
Concretely, we assume the constituents of the deeply bound states to be only χ L , χ R , the right-handed top quark t R , and the left-handed top-bottom doublet
In the limit where the electroweak interactions are ignored, the kinetic terms of these quarks have an U (3) L × U (2) R chiral symmetry, which we assume to be approximately preserved by the 4-fermion interactions. The U (3) L × U (2) R symmetric interactions give rise to the following Yukawa couplings of the composite scalars (collectively labelled by Φ) to their constituents:
Here ξ is a dimensionless coupling whose value at scale Λ, upon integrating out Φ, matches the coefficient of the 4-fermion interactions. The scalar field Φ is a 3 × 2 complex matrix
where the scalar fields Φ t and Φ χ are the bound states of the
with t R and χ R , respectively:
At scales µ < Λ, the Yukawa couplings (2.1) give rise to the following potential for Φ:
The quartic couplings λ 1 and λ 2 depend on the scale µ; if the kinetic term for Φ is canonically normalized, then λ 1 becomes non-perturbative near Λ. In the large N c limit, λ 1 is generated by a fermion loop, while λ 2 vanishes. Scalar loops, however, generate a non-zero value for λ 2 , so that λ 1 |λ 2 |. In the Appendix we use 1-loop renormalization group (RG) equations to estimate the λ 1 /λ 2 ratio.
The squared mass of Φ is assumed to satisfy |M 
We assume that there are additional explicit U (2) R breaking effects which distinguish t R and χ R . Given that |M Φ | Λ, such effects could induce a large relative splitting of the masses for Φ t and Φ χ . We parametrize these effects by
These U (2) R breaking masses can be diagonalized by a U (2) rotation. As we will see later, it is convenient to work in a different basis from the one that diagonalizes these mass terms so we will keep Eq. (2.5) general.
The U (2) R breaking effects may also split the quartic couplings in (2.4), but this does not make any qualitative difference (unless the changes in couplings are larger than order one), because our discussion mostly relies on the U (3) L symmetry. For simplicity we do not include such effects.
Gauge invariant masses for the SU (2) W -singlet quarks can be present at the scale Λ:
We assume that µ χt , µ χχ Λ (which is technically natural because there is an enhanced chiral symmetry in the µ χt , µ χχ → 0 limit), so that the tree-level quark masses do not disrupt the formation of bound states. The above mass terms break
Below Λ, these fermion masses map to tadpole terms for the SU (2) W -singlet scalars:
Matching at the scale Λ, we have
Note that when the scalars are integrated out at the cutoff scale (where M 2 Φ ∼ Λ 2 ), the fermion mass terms (2.6) are recovered.
The effective potential of the scalar sector below the compositeness scale is given by χt , C χt , and C χχ can be chosen to be real without loss of generality. As mentioned earlier, M 2 χt can be removed by a U (2) rotation. Then C χt and C χχ can be made real by phase redefinitions of Φ t and Φ χ respectively. The effective field theory below the cutoff Λ is thus described by Eqs. (2.1) and (2.9).
symmetry. Thus, the electroweak interactions explicitly break the U (3) L symmetry. The U (3) L triplets Φ t and Φ χ can be written in terms of fields belonging to electroweak representations: 
The VEVs v t , v χ , u t and u χ are real, and some of them may vanish, depending on the parameters of the effective potential. We use the notation v
is the scale of U (3) L breaking. The measured Fermi constant requires v ≈ 246 GeV.
We now analyze the low energy effective theory given by Eqs. (2.9) and (2.1).
Electroweak symmetry breaking
It is convenient to perform an U (2) R transformation (which rotates t R and χ R , as well as Φ t and Φ χ ) to go to a basis where v t = 0 and v χ = v. For simplicity, we will use the same notation in this basis as in Eqs. (2.9)-(2.11). In this basis we define u t = u sin γ and u χ = u cos γ, and the short-hand notation s γ = sin γ and c γ = cos γ.
The extremization conditions for V scalar relate the parameters from the effective potential to the VEVs: 13) for the derivatives with respect to h t and h χ , and 14) for the derivatives with respect to ϕ t and ϕ χ . Eqs. (2.13) and (2.14) have a solution for v = 0, and a different solution for v > 0. When the latter is a minimum (i.e., the squared masses of all spin-0 states are positive), we find that it is also the global minimum of the effective potential while v = 0 is a saddle point.
For v > 0, Eqs. (2.13) imply
Substituting these into Eqs. (2.14) gives
Thus, the basis where H t = 0 and H χ = 0 is the one where C χχ = 0 (or equivalently, where t R and χ R are defined such that µ χχ = 0). Since the electroweak symmetry is broken only by the VEV of H χ , the eaten Nambu-Goldstone bosons are contained in H χ only. The charged Higgs boson resides entirely within H t , and its mass squared is Neglecting the mixing of the charm and up quarks with t and χ, the mass terms of the heavy charge-2/3 quarks, arising from Eq. (2.1), are given by
Diagonalizing this matrix gives the masses of the top quark t and the new quark, which we label by t in the mass eigenstate basis. Keeping only the leading nonvanishing term in v 2 /f 2 , we find the mass of the top quark,
Thus, ξ and s γ can be related to the top Yukawa coupling y t by
ξ is expected to have a value around 3 or 4 (see Section 4) and
the mass of the new quark is given by
while the mixing angle θ L , which rotates the t L and χ L gauge eigenstates into the mass eigenstate quarks, is given by
Analytical expression for the Higgs mass
Substituting Eqs. (2.15)-(2.17) back into the scalar potential (2.9), we find that the 4 × 4 mass-squared matrix of the CP-even neutral scalars (h t , h χ , ϕ t , ϕ χ ) is given by 
The Higgs boson mass is suppressed by s γ , because in the limit of ξ → ∞ or m t → 0 the explicit U (3) L breaking tadpole terms C χt , C χχ vanish and the H χ and π χ fields become Nambu-Goldstone bosons. Keeping only the leading term in s 25) where λ h is the Higgs quartic coupling. In the fermion-loop approximation of NJL, the ratio of couplings λ 1 /(2ξ 2 ) is equal to 1. Scalar and gauge boson loops reduce this ratio.
In the Appendix we show that it has a quasi-infrared fixed point value ∼ 0.4, so we expect λ 1 /(2ξ 2 ) between 0.4 and 1.
Since both y t and λ h are obtained from integrating out the heavy quark, Eq. (2.25) relates the quartic Higgs coupling and the top Yukawa coupling at the scale m t , implying λ h < y 2 t at that scale. For m t ∼ 10 TeV, we find y 2 t ∼ 0.6. Evolving λ h down to the scale v we obtain an upper limit on the Higgs mass,
This is an interesting result, in contrast to the naïve expectation in many composite Higgs models that the Higgs boson is heavier than the weak scale. We see that the Higgs boson is light because it is a pNGB of the U (3) L → U (2) L symmetry breaking. In Section 4 we perform a more refined analysis, and as a result the above upper limit is further reduced.
There is one additional pNGB, A 1 , mostly given by the π χ field, with small admixtures of the other neutral CP-odd scalars in Eq. (2.11). Its squared mass is into the mass and quartic terms through loops. In this section we study the effect of these additional U (3) L breaking effects on M h .
We parametrize the U (3) L breaking mass and quartic terms as
where we assumed again, for simplicity, that the quartic terms are U (2) R symmetric. It is straightforward to repeat the analysis of Section 2 by including Eq. (3.1). To leading
where
The corrections from ∆M 2 tt and ∆M 2 χt are suppressed because the Higgs boson resides mostly in H χ . The correction of Eq. (3.2) can be most easily seen in the limit s γ → 0 and ∆M 2 χt = 0, where ϕ t and h t decouple and the mass matrix (2.23) becomes block-diagonal; we then only need to diagonalize the 2 × 2 mass matrix:
where λ 12 ≡ λ 1 + λ 2 . In order to keep the Higgs boson light, and to have the correct vacuum, we need
The contribution due to the mass-squared splitting between φ χ and H χ was presented in
Refs. [11, 12] . to the mass splitting between the charged and neutral pions due to the electromagnetic interaction. This contribution is quadratically divergent and needs to be cut off. In the case of π + − π 0 mass difference, the cutoff is effectively provided by the ρ meson mass [20] from the Weinberg sum rules [21] . Based on this analogy, we denote the cutoff by M ρ , which is set by the mass of some (presumably vector) state in this theory. The 1-loop splitting is then given by The SU (2) W × U (1) Y gauge interactions also generate the additional quartic interactions involving H t and H χ . The dominant 1-loop contribution can be estimated to be
where we have assumed the same cutoff as in Eq. (3.5), and the renormalization scale µ should be taken around the heavy scalar states in the spectrum. We have also neglected the small g 4 1,2 contributions. Note that Eq. (3.7) is valid only for µ < M ρ . The corrections to the quartic couplings give a correction to the Higgs squared mass:
This contribution is also negative, so that the electroweak interactions only reduce the breaking effects. If the cutoff M ρ is too large, the effective quartic coupling of the light Higgs can turn negative which implies that we are expanding around the wrong vacuum.
This puts an upper limit on M ρ , which depends on other parameters, as discussed in the next Section.
Higgs mass and the heavy state spectrum
In the previous sections we derived the approximate expression for the Higgs mass and the corrections from the electroweak gauge loops. In this section we perform a numerical study of the Higgs mass and show that the exact numerical result agrees well with the analytic approximations. After fixing M h = 126 GeV, we calculate the masses of the other composite scalars.
We start with an enumeration of the parameters of this model. In Eqs. (2.1) and (2.9), our model contains the following parameters:
One of the parameters (M 2 χt or C χχ ) is not independent due to the freedom of the U (2) R rotation. After minimizing the potential, the mass and tadpole terms can be written in terms of the VEVs, quartic couplings and the charged Higgs mass M H ± through Eqs. (2.15)-(2.17). The explicit U (3) L breaking from the electroweak gauge loops discussed in Section 3 introduces one more parameter M ρ , the cutoff of the electroweak gauge loop. As a result, the spectrum is fully determined by the following eight parameters:
Two of these eight parameters are fixed by the weak scale and the top mass. To produce the correct m t , we use the SM 1-loop RG equations to evolve the top Yukawa coupling y t to the scale of the heavy fermion mass m t , and use it to solve for s γ , which in the lowest order is given by Eq. (2.20). The running top Yukawa coupling in the MS scheme at the scale m t corresponds to m t (µ = m t ) ≈ 160 GeV [22] . For a set of input values of the other six parameters, which are taken to be
one can calculate the masses and couplings at scale m t . We choose the ratios of couplings or mass scales as the independent parameters because they are more convenient and better constrained. To calculate M h , we match the theory to the SM at scale m t , compute the quartic Higgs coupling λ h , and then evolve λ h down to the weak scale.
To make a generic prediction for M h , we first examine the expected ranges of input parameters listed in Eq. (4.3). The U (3) L symmetry breaking scale must satisfy f > v.
In fact, as we will see later, f is constrained to be much larger than v by the precision measurement of weak-isospin violating effects. On the other hand, larger f also means more fine tuning for the weak scale. We will consider f up to 10 TeV to avoid excessive finetuning. For the effective theory to be a valid description, the states in the theory should have masses below the cutoff scale. Therefore we will take M H ± < 4πf ∼ Λ. Similarly, the cutoff of electroweak gauge loops also satisfies M ρ < 4πf . The ranges of the coupling ratios are discussed in the Appendix and they are expected to be 0.4
The Yukawa coupling ξ is expected to be ∼ 3 − 4 in a strongly coupled theory. The 1-loop estimate from the compositeness condition Z Φ (Λ) = 0 gives In Fig. 1 we show the Higgs boson mass as a function of the dimensionful parameters M H ± , f and M ρ by fixing the dimensionless couplings to some typical values, ξ = 3.6,
2 ) = 0.7 and λ 2 /λ 1 = 0. We see that M h = 126 GeV can be obtained with reasonable parameters of our model. Higgs mass increases as M H ± increases, as expected from the approximate analytic formula Eq. (2.25). The dependence on f is mild because it only enters the higher order corrections for fixed M H ± /f and affects the starting point of RG running of the couplings. On the other hand, M h decreases as the cutoff M ρ of the electroweak gauge loops increases due to its negative contribution to λ h . For this set of {ξ, λ 1 , λ 2 }, we see that the correct Higgs boson mass is close to the upper bound for M ρ ≈ 5f and hence we cannot have M ρ > 5f . This upper bound depends on the values of the coupling parameters, which will be examined later. In Fig. 1 we also include contours of the T parameter [24] , which measures the weakisospin violation and constitutes the strongest constraint on this model. The Higgs field arises as the pNGBs of the broken U (3) L symmetry, which does not contain a custodial SU (2) symmetry. As a result, the dimension-6 operator |H † χ D µ H χ | 2 , which represents the weak-isospin violation, is expected based on naïve dimensional analysis to have a
In our model, the scalar fields are composite degrees of freedom and only exist below the compositeness scale. All low-energy operators containing derivatives of scalars, including the kinetic term and the weak-isospin violating operator
, are generated by fermion loops [15, 25] , which can be calculated in the leading N c approximation. The leading contribution to the T parameter is therefore captured by the loops involving the t quark [10] [11] [12] , and is given by [11] T = 3s
where s L is the sine of the left-handed mixing angle, given in Eq. the S parameter is negligible because we have added only vector-like quarks to the SM.
In the above discussion of the T parameter we have assumed that the strong dynamics responsible for the composite Higgs sector includes only 4-fermion operators of the NJL type [12] , which are equivalent to the product of a left-handed current and a right-handed one (LR). If these arise from a spontaneously broken gauge symmetry, then they are accompanied by LL and RR 4-fermion operators that contribute to the coefficient of [26] . The ensuing correction to the T parameter, coming from diagrams with two or more fermion bubbles, is expected to be somewhat smaller than our result in Eq. (4.5) . In what follows we will ignore these model-dependent corrections related to UV physics. (Fig 3) . As expected, a larger M h occurs for larger M H ± /f , λ 1 /(2ξ 2 ) and smaller M ρ /f . There is an upper limit M h 175 GeV even for extreme values of these parameters. This is close to our estimate from the analytic formula, Eq. (2.26).
A lower bound on M h follows from the condition that the quartic coupling λ h is positive at the matching scale m t . Otherwise of our vacuum is not a minimum of the tree-level potential, and the universe is more likely to end up in wrong vacuum. Imposing the boundary condition λ h = 0 at the scale m t ξf / √ 2, and using the SM 1-loop RG equations to evolve λ h down to the weak scale, we find that the physical M h grows A 1,2,3 ) , and a complex charged Higgs boson (H ± ). One CP-odd scalar (A 1 ) is lighter than other heavy states because it is also the pNGB of the broken U (3) L symmetry and hence its mass is also suppressed by s γ . However, its mass is controlled by f rather than v, so it is still quite heavy compared to the Higgs boson. The masses of the states coming from Φ t receive contribution from both M 2 tt and λ 1 f 2 . In the limit of M 2 tt
all these states are expected to be around M H ± and decouple from low energy physics.
We use the mass of the discovered Higgs boson to fix one more parameter. We choose it to be M ρ and plot its required values to obtain the correct Higgs boson mass in the Assuming that M ρ takes the value which produces M h ≈ 126 GeV, we can calculate the masses of the heavy scalars in this theory. We show the masses of the lightest CP-odd scalar (A 1 ) and the first two heavy CP-even neutral scalars (H 1 , H 2 ) in the other three panels of Fig. 5 , for the same parameters as in Fig. 3 . For fixed M H ± /f , the heavy states scale proportionally to f . Since f = 4 TeV is close to the lower bound allowed by the T parameter, the masses in these plots are close to their lower limits in this model. We see that A 1 is indeed much lighter compared to other heavy states, though it is still above 1 TeV. For small values of M H ± /f , H 1 mostly comes from Φ t and its mass is close to M H ± , so the contours run vertically. On the other hand for large M H ± /f , H 1 dominantly consists of ϕ χ and its mass is proportional to λ 1 , and is independent of M H ± . The second pseudoscalar A 2 is closely degenerate with H ± , and the masses of H 3 , A 3 are a little bit higher but are also close. 
Phenomenology
Within this composite Higgs model, the lightest particle beyond the SM is the CP-odd scalar A 1 . Its mass is larger than M h by a factor of f /v, as shown in Eq. (2.28). Taking into account the scale dependence of M h , the A 1 mass M A 1 is slightly reduced (see second panel of Fig. 5 ). The smallest value of f allowed by the electroweak data, f = 3.5 TeV,
gives M A 1 = 1.3 TeV. A 1 may be singly produced at hadron colliders through gluon fusion. Given that A 1 is mostly part of the φ χ singlet, its coupling to the top quark is suppressed. The dominant contribution to gluon fusion is a t loop, relying on the (ξ/ √ 2) A 1t γ 5 t coupling. For f = 3.5 TeV, the A 1 production cross section is ∼ 0.6 fb at the 14 TeV LHC. We obtained this result using FeynRules [28] and MadGraph 5 [29] and then multiplying by a factor of 2 to account for large higher order effects. A 1 may decay into tt or hZ, but in either case the cross section for pp → A 1 X is too small, even for a luminosity of 3000 fb −1 [30] .
The other composite scalars as well as the vector-like quark are too heavy to be probed at the LHC. A hadron collider at a center-of-mass energy of O(100) TeV would be needed in order to produce them. For a typical m t = 9 TeV, the t t production cross section at a 100 TeV pp collider (we refer to it as the VLHC) is 0.12 fb, based on MadGraph 5, with a 50% increase to account for higher order effects. The VLHC cross section can be as large as 1.8 fb, for m t = 6 TeV. Besides the usual t → W b, th, tZ decays [31] , there is an interesting t → tA 1 decay, followed by A 1 → tt or hZ. Given that the backgrounds relevant at an invariant mass 6 TeV are small, it is possible to discover the t quark at the VLHC even with the initial luminosity of 2 × 10 34 cm −2 s −1 [32] .
Single A 1 production at the VLHC through gluon fusion would have a cross section around 100 fb, for M A 1 = 1.3 TeV. Detailed studies of the backgrounds are necessary before deciding whether single A 1 production leads to promising channels.
The heaviness of the particles beyond the SM puts this model close to the decoupling limit, so the Higgs couplings are close to the SM predictions. The main correction comes from mixing with the singlet scalar fields, which can be seen in Eq. Nevertheless, a precise determination of the custodial SU (2) breaking T parameter can help to probe or constrain this model further.
Since the SM-like Higgs field is composite and made of the top quark and the new quark χ, the light SM fermion masses presumably come from some 4-fermion interactions generated above the cutoff scale. Constraints on flavor changing neutral currents (FCNC)
limit the coefficients and patterns of these 4-fermion interactions [12] . Below the cutoff, our model has two Higgs doublets. General couplings of SM fermions to the two Higgs doublets lead to tree-level FCNCs. However, it is reasonable to assume that the couplings of the SM fermions to heavy Higgs states have a hierarchical structure correlated with the corresponding Yukawa couplings of the SM Higgs boson, due to some approximate flavor symmetries [33] . In that case, the FCNC constraints require the scalars from the other Higgs doublet to be heavier than a few hundred GeV to ∼ 1 TeV, with the strongest bounds coming from the neutral meson-anti-meson mixings and µ → eγ. (See Ref. [34] for a comprehensive study and review.) With the heavy states around 10 TeV in our model, these FCNC constraints are easily satisfied. Only A 1 is relatively lighter, but it is mostly part of the φ χ singlet, so that it does not induce any significant FCNC effects.
Conclusions
We have studied a composite Higgs model based on non-confining dynamics, in which the newly discovered Higgs boson is a bound state of a vector-like quark and the left-handed top quark. The strongly coupled 4-quark interactions that describe the non-confining dynamics at the compositeness scale Λ produce scalar bound states which consist of two SU (2) W -doublets and two gauge singlets [12] . We have shown that if the underlying strong dynamics preserves an approximate U (3) L chiral symmetry, a SM-like Higgs doublet arises naturally as the pNGB of
Explicit U (3) L breaking terms produce the correct m t through the top-seesaw mechanism. They also give the mass to the SM-like Higgs boson. As a result, the Higgs and top masses are tightly correlated, and satisfy M h m t . Electroweak effects further reduce M h , so that it is easily compatible with the measured Higgs mass within the natural range of parameter space.
The strongest constraint on this model comes from weak-isospin violation due to heavy quark loops. Requiring T 0.15 pushes the U (3) L symmetry breaking scale f above 3.5
TeV, so that some fine-tuning is needed to obtain the weak scale v ≈ 246 GeV f .
It also means that most of the new states beyond the SM (except the lightest CP-odd scalar) will have masses around or above 10 TeV, beyond the reach of the LHC. The corrections to the SM Higgs couplings are tiny as the new sector is close to the decoupling limit. Nevertheless, the fact that no new particles or any deviation from the SM has been discovered at the LHC so far suggests that the SM Higgs sector is somewhat tuned, and the scale of new physics may be higher than previously thought. Our model is certainly consistent with the current experimental observations. It would require a collider beyond the LHC with a center-of-mass energy O(100) TeV to probe the heavy states in this model directly.
On the other hand, the scale of U (3) L chiral symmetry breaking may be significantly lowered if the contribution to T from the heavy quark can be cancelled by some additional contribution. This would make the model less tuned and the new states lighter and more accessible. If the model can be extended to include an approximate custodial SU (2) symmetry, for example, by adding a new vector-like quark to mix with the bottom quark, then f can be lowered to 1 TeV, and the new quarks could have masses below 2 TeV and be within the reach of the 14 TeV LHC.
at high scales [18, 35] . For f not much smaller than Λ as in the case we are interested, one cannot trust the RG analysis because the couplings are strong and the logarithms are only O(1). Nevertheless, finding the infrared fixed point of the RG equations may still provide us some ideas of the possible range of the relevant coupling ratio λ 1 /(2ξ 2 ). In the far infrared the couplings become perturbative, and the fixed point can be determined by 1-loop RG equations presented below.
To be general and to identify the fermion and scalar loops, we write down the coupled RG equations of the couplings ξ, λ 1 , λ 2 , and QCD strong coupling g 3 for an U (N L ) L × U (N R ) R theory: where we have ignored the electroweak couplings g 1 , g 2 , and the light fermion Yukawa couplings. N f is the number of quark flavors. These equations can be inferred from
Ref. [36] .
These RG equations are in the mass-independent scheme. Near the composite scale where the composite scalars dissolve, the scalar masses are large and the scalar loops should decouple [37] . This justifies the fermion-loop approximation near the compositeness scale if the gauge couplings are relatively small. If we drop the scalar loop contributions (i.e., terms without the N c factor) and ignore the gauge couplings, we obtain
We see that the infrared fixed point corresponds to λ 1 = 2ξ 2 , agreeing with the result of the fermion-loop approximation. On the other hand, λ 2 is not generated by the fermion loops. Note that the fermion-loop approximation sums fermion loops to all orders so it applies even to large couplings. As a result, one may treat λ 1 = 2ξ 2 , λ 2 = 0 as the initial condition when the scalar loops become relevant.
It is instructive to derive the approximate IR fixed point analytically for the ratios of couplings. For simplicity we first neglect the QCD coupling g 3 because it is much smaller than the other couplings near the cutoff scale. We obtain the RG equations for r ≡ λ 2 /λ 1 and s ≡ λ RG running are shown in Fig. 6 . We see that the ratios of couplings are quickly driven to the approximate fixed point values given by Eq. (A.11), though we should not trust the exact evolution in the beginning due to potentially large higher loop contributions. The infrared value of r is a bit smaller than the approximate result in Eq. (A.11) due to the gauge loop contribution from g 3 .
If the chiral symmetry breaking scale is not far below the compositeness scale, we can not trust the 1-loop RG results. However, if we assume a smooth evolution, the ratios of We use these ranges in Sections 2 and 4.
